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ADDITIVE PHASE DETECTOR AND ITS USE IN HIGH SPEED 
PHASE-LOCKED LOOPS 

Field of the Invention 

[oooi] The present invention relates to phase-locked loops in general, and, more 
particularly, to phase detectors incorporated within phase-locked loops. 

Background of the Invention 

[0002] The concept of phase locking was invented in the 1930s and swiftly found 
wide use in electronics and communications. While the basic phase-locked loop has 
remained nearly the same since then, its implementation in different technologies and for 
different applications continues to challenge designers. A phase-locked loop serves the task 
of clock generation for a microprocessor as well as for frequency synthesizers for cell- 
phones. 

[0003] Typically, a phase-locked loop is a non-linear analog device that uses a 
negative feedback loop to make the phase difference between an input signal and an output 
signal smaller, preferably, approximately equal to zero. The phase difference between both 
signals becomes smaller and smaller, which also makes the frequency of both signals equal. 

[0004] Figure 1 depicts block diagrams of (a) a single-ended (signal-to-ground) and 
(b) differential phase-locked loop of the prior art. The phase locked-loop comprises three 
components: a phase detector, a low pass filter, and a voltage-controlled oscillator. In the 
single-ended version of figure la, an input voltage of a given frequency, V IN , is feed to one 
input of phase detector 101 on terminal 108-1 relative to ground potential. The output 
voltage of phase detector 101, V PD , feeds low-pass filter 102 on terminal 108-3. The output 
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controlled oscillator 103, V VC o, is fed back to a second input terminal 108-2 of phase 
detector 101. 

[0005] Phase detector 104, low-pass filter 105, and voltage-controlled oscillator 106 
comprise a differential voltage phase-locked loop alternative to figure la. The main 
difference between figure lb and la is that all signals are differential: input voltage V IN 
feeds phase detector 104 on terminals 107-1 and 107-2. The second set of differential input 
terminals of phase detector 104, terminals . 107-3 and 107-4, have the output signal of the 
voltage-controlled oscillator, V VC o impressed upon them. The output voltage of phase 
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detector 104, V PD is fed to the input terminals 107-5 and 107-6 of low pass filter 105. 
Finally the output voltage of low-pass filter 105, V LPF is fed differentially to voltage controlled 
oscillator 106. 

[0006] In the phase-locked loop of figure 1, the edges of V V co are "skewed" by $ 
seconds with respect to V IN . Assuming that the VCO has a single control input, we note that 
to vary the phase, we must vary the frequency of the voltage-controlled oscillator. The 
output phase of the voltage-controlled oscillator can be stepped up or stepped down by 
momentarily changing the frequency of the voltage-controlled oscillator to "accumulate 
phase" faster until V V co and V IN are aligned again. 

[0007] Thus, there must be a means of comparing the two phases, i.e., a phase 
detector, is used to determine when the voltage-controlled oscillator and the reference 
signals are aligned. The task of aligning the output phase of the voltage-controlled 
oscillator with the phase of the reference is called "phase locking." 

[0008] What makes the signals smaller and smaller is the interaction of the phase 
detector and the voltage-controlled oscillator. It may seem that only these two components 
are needed. However, the control voltage of the voltage-controlled oscillator must remain 
quiet in the steady state. The phase detector output, V PD , typically contains both a DC 
component (desirable) and high-frequency components (undesirable), so that a low pass 
filter is interposed between the phase detector and the voltage-controlled oscillator. 

[0009] Let us now analyze the response of a phase-locked loop in locked condition to 
a small phase or frequency transient at the input. Figure 2 depicts timing diagrams of the 
phase-locked loop of figure la to a step change of phase. Initially the phase-locked loop is 
in the locked condition. Assume the input waveform of figure 2a and the output waveform 
of figure 2c can be expressed as 

Where higher harmonics are neglected and fa is the static phase error. When the input 
experiences a phase step of fa at t = ti as in figure 2b. Since the output of the low pass 
filter does not change instantaneously, the voltage-controlled oscillator continues to oscillate 
at coi. The growing phase difference between the input and the output then creates wide 
pulses at the output of the phase detector, as in figure 2d, forcing V LPF of figure 2e to rise 
gradually. As a result, the voltage-controlled oscillator frequency begins to change as 
shown in figure 2f in an attempt to minimize the phase error. Note that the loop is not 
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locked during the transient because the phase error varies with time. If the loop is to return 
to lock, coqut of figure 2f must eventually go back to 001, requiring that V LPF and hence <|>out - 
<|) IN also return to their original values. Consequently, as shown in figure 2, <|>out gradually 
"catches up" with § m . 

[0010] The phase detector can come in both digital and analog flavors. Figure 3 
depicts the logic diagram of a single-ended, digital implementation of phase detector 101 of 
the prior art. In Figure 3a, the phase detector is simply an exclusive-or gate. Figure 3b 
depicts two digital signals impressed on the inputs of the exclusive-or gate. The two signals 
are out of phase with each other by a difference of <f> seconds. This results in an output 
waveform of the exclusive-or gate that is itself a pulse train. The width of the pulses is 
proportional to the difference in phase. 

[ooii] Figure 4 depicts a schematic diagram of a differential analog version of the 
most common implementation of a phase detector in the prior art, known as a Gilbert 
Multiplier cell. Assuming all the transistors in figure 4 are biased in the saturation region 
and obey the ideal square-law equation and that devices are sized and matched so that the 
transconductance parameters satisfy the equation 

9m 3 — 9m4 — 9m5 ~~ 9m 6 — 9 ma/ and 9ml — 

9m2 = gmb- Defining the output currents I 0 i = -(I 3 + I 5 ) and I o2 = -(I 4 + h) f it can be shown 
that if Rl = R2, then differential output voltage V PD = R1(I 0 2 - I 0 i) or 

V PD = R\ x V IN x V vco x ^2g ma xg mb 

The Gilbert Multiplier cell multiplies the two input waveforms in the time domain. So for 
sinusoidal inputs 

V PD (0 = s\n{(ot) x sin(&tf + <f>) 

Where 

co is the frequency in radians per second 
t is time in seconds 

§ is the phase difference between the two waveforms in radians. 
[0012] The output of the Gilbert cell is therefore: 

= 0.5(cos(6>/ -cot- <fi)- cos(cot + Cdt + (p) 

= O.5(cos(0) - cos(2&tf + </>) 

and when filtered by the low pass filter of a phase-locked loop produces a signal, V PD = 
0.5*cos(<(>), a quantity directly proportional to the phase difference. 
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Summary fthelnventi n 

[0013] The illustrative embodiment of the present invention is an analog phase 
detector where a summation technique is used to determine the phase difference of the two 
input waveforms. Instead of multiplying the two signals, a difference amplifier subtracts 
one waveform from the other. The difference amplifier produces a waveform whose 
maximum peak-to-peak amplitude is directly proportional to the phase difference. Feeding 
this waveform into an envelope detector followed by a low pass filter, we are able to get a 
DC voltage level that is directly proportional to the phase difference of the two input 
waveforms. 

The illustrative embodiment comprises: (1) a difference amplifier comprising a first 
differential pair of terminals for carrying a first differential signal, a second differential pair 
of terminals for carrying a second differential signal, and a third differential pair of terminals 
for carrying a third differential signal, wherein said third differential signal is based on the 
difference between said first differential signal and said second differential signal; and (2) 
an envelope detector comprising a fourth differential pair of terminals electrically connected 
to said third differential pair of terminals, and a fifth differential pair of terminals for 
carrying a fourth differential signal, wherein said fourth differential signal is based on the 
peak-to-peak amplitude of said third differential signal. 

Brief Description of the Drawings 

[0014] Figure 1 depicts block diagrams of (a) a single-ended (signal-to-ground) and 
(b) differential phase-locked loop of the prior art. 

[0015] Figure 2 depicts timing diagrams of the phase-locked loop of figure la to a 
step change of phase. 

[0016] Figure 3 depicts the logic diagram of a single-ended, digital implementation of 
phase detector 101 of the prior art. 

[0017] Figure 4 depicts a schematic diagram of a differential version of the most 
common implementation of a phase detector for analog systems in the prior art, known as a 
Gilbert Multiplier cell. 

[0018] Figure 5 depicts a block diagram of the salient components of the illustrative 
embodiment of the present invention. 

[0019] Figure 6 depicts a schematic of the differential version of difference amplifier 
501 of the illustrative embodiment of the present invention. 

[0020] Figure 7 depicts the small signal model of difference amplifier 501. 
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[0021] Figure 8 depicts a schematic of a single-ended version of difference amplifier 

504. 

Detailed Description 

[0022] Figure 5 depicts a block diagram of the salient components of the illustrative 
embodiment of the present invention. Figure 5a shows the case of a phase detector 
constructed from a difference amplifier and an envelope detector in which the input and 
output signals are single-ended, i.e. between a single terminal and ground potential. Input 
signal V IN between terminal 108-1 and ground potential, is fed, along with the output of 
voltage-controlled oscillator 103, V V co between terminal 108-2 and ground, to the inputs of 
difference amplifier 504. The output of difference amplifier 504, which is the voltage V D i FF 
between terminal 505 and ground potential, is fed to envelope detector 506. The output of 
envelope detector 506 is fed on terminal 108-3 to low pass filter 103, whose output V VC o is 
fed back to input 108-2 of the difference amplifier 504. 

[0023] Figure 5b depicts a differential version of the single-ended phase detector of 
figure 5a. In figure 5b, the differential voltage input, V IN/ is impressed on one pair of input 
differential terminals 107-1 and 107-2 of difference amplifier 501. The output from the 
voltage-controlled oscillator, V V co, is impressed on a second pair of input differential 
terminals 107-3 and 107-4 of differential amplifier 501. Difference amplifier 501 subtracts 
the voltage, V V co from V IN , producing output voltage V DIFF , impressed between terminals 
503-1 and 503-2. V DIFF is fed to the input terminals of envelope detector 502, which outputs 
the peak-to-peak voltage, an approximate DC voltage level, V PD , to terminals 107-5 and 
107-6 of the low pass filter. The low pass filter 105 obtains a DC level proportional to the 
phase difference between V VC o and V IN , which is fed to voltage controlled oscillator 106, 
which in turn feeds its outputs, V 0U t = V VC o back to terminals 107-3 and 107-4 in a 
feedback ioop to complete the phase-iocked loop. 

[0024] It should be clear to those skilled in the art how to construct a phase detector 
comprising a difference amplifier and an envelope detector from any combination of single- 
ended and differential components. Furthermore, it should be clear to those skilled in the 
art how to construct a phase detector from a difference amplifier and envelope detector 
operating on any combination of currents or voltages. 

[0025] The illustrative embodiment uses a summation technique to determine the 
phase difference of the two input waveforms of the phase detector 104. Instead of 
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multiplying the two signals, as in the prior art, one signal is subtracted from the other. If 
both signals are sinusoidal, represented as sin(cot) and sin(cot + <t>) where 
to is the frequency in radians per second 
t is time in seconds 

<(> is the phase difference between the two waveforms in radians. 
Then * 

V DIFF (t) = sin(tftf) - s\n(cot + <f>) 
= 2 cos(0.5(6tf + cot + </>)) sin(0.5(6tf + cot + (/>)) 

= 2 cos(cot + ~) sin(^) ( Eq . 1 ) 

[0026] In this case the output is a waveform whose maximum amplitude is directly 
proportional to the phase difference between the two input signals. Feeding this wave into 
an envelope detector followed by a low pass filter, we are able to get a DC voltage level that 
is the peak-to-peak voltage of (1), which is directly proportional to the phase difference of 
the two input waveforms. 

[0027] Figure 6 depicts a schematic of the differential version of difference amplifier 
501 of the illustrative embodiment of the present invention. The differential input voltage 
V IN on positive terminal 107-1 and negative terminal 107-2, respectively, are fed to the gate 
terminals of NMOS transistor Ml and M4, respectively. Likewise, the differential voltage- 
controlled oscillator output voltage V VC o on positive terminal 107-3 and negative terminal 
107-4, respectively, are fed to the gate terminals of NMOS transistor M5 and M2, 
respectively. 

[C02S] A resistor Rl is electrically connected at one terminal to positive voltage 
supply VI,. to one terminal of resistor R2, and to the drain terminal of NMOS transistor Ml. 
The drain terminal of NMOS transistor Ml is electrically connected to the drain terminal of 
NMOS transistor M2, while the source terminal of transistor Ml is electrically connected to 
the source terminal of NMOS transistor M2. The source terminal of NMOS transistor Ml is 
electrically connected to the drain terminal of NMOS transistor M3, and the source terminal 
of NMOS transistor M3 is electrically connected to the negative terminal of power supply VI. 
The gate terminal of M3 is electrically connected to a second DC supply voltage V BIAS which 
sets the level of the DC current source formed by transistor M3. 
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[0029] The source terminal of Ml is electrically connected to the source terminal of 
NMOS transistor M4, while the source terminal of INMOS transistor M5 is electrically 
connected to the source terminal of M4. The drain terminal of transistor M4 is electrically 
connected to the drain terminal of transistor M5 and to a second terminal of resistor R2. 
The drain terminal of transistor M4 is electrically connected to positive output terminal 503- 
1, while the drain terminal of transistor Ml is electrically connected to the negative output 
terminal 503-2. The voltage impressed across these two terminals is the difference output 
voltage V D i FF . 

[0030] Figure 7 depicts the small signal model of difference amplifier 501. Assuming 
all transistors have the same transconductance, g m , we calculate the output terminal 
voltages V 0 " and V 0 + as follows: 

v: =- gm {v; N+ v; co ){Eq.2) 

V:=-g n (V-+V; co )(Eq.3) 

Thus, 

v DIFF = v; - v- = - gm (v; N + v; co )m + gm {v; N + v; co )ri 

If Rl = R2, then 

This shows the output voltage of the difference amplifier is proportional to the difference 
between V IN and V V co- 

[0031] Figure 8 depicts a schematic diagram of a single-ended version of difference 
amplifier 504. It is the classic difference amplifier created from an operational amplifier of 
any technology. If the operational amplifier is operating in its linear region, the output to 
input voltage relation reduces to: 

R F 

K In 

Assuming R F and Ri N are closely matched. 

[0032] Figure 9 depicts a block diagram of the components of the envelope detector 
of figure 5. Figure 9a is the single-ended case, where envelope detector 506 simply 
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comprises a peak-to-peak detector 901. Figure 9b is the differential case, where envelope 
detector 502 comprises difference amplifier 902, which takes the differential input V DIFF from 
terminals 503-1 and 503-2, and amplifies V D i FF and places the signal-ended output on 
terminal 903. Peak-to-peak detector 904 is the same single ended peak-to-peak detector of 
figure 9a, which puts an approximate DC quantity proportional to the peak-to-peak voltage 
present on terminal 903 onto single-ended terminal 905. The signal-tended signal on 
terminal 905 is split into a differential signal via differential amplifier 1006, where the 
output differential signal V PD appears across terminals 107-5 and 107-6. 

[0033] Figure 10 shows the schematic diagrams of the components of the block 
diagrams of figure 9. Figure 10a is a single-ended circuit of peak-to-peak detector 901. It 
is taken from Figure 3 of patent number 5,614,851, issued March 25, 1997 to Holzer et al., 
herein incorporated by reference. The single-ended signal voltage is AC coupled to the 
circuit via capacitor 1001, The circuit comprises a clamp portion and a peak -detect 
portion. The clamp circuit is implemented with NMOS transistors 1002 and 1003, and input 
capacitor 1001. Transistor 1003 is connected as a voltage follower referenced to a fixed 
reference voltage V R1 . Transistor 1002 has its gate biased with fixed reference voltage V R2 . 
The peak-detect portion includes NMOS transistor 1004, a hold capacitor 1005 and a resistor 
1006. Transistor 1004 is connected as a voltage follower so that the peak-to-peak voltage 
output appears across capacitor 1005 and resistor 1006. The hold capacitor 1005 holds the 
peak voltage value, while resistor 1006 causes the held peak voltage to drop exponentially 
toward zero volts so that the voltage across capacitor 1005 follows slowly varying peak 
voltage changes. 

[0034] Figure 10b is a "differential" version of figure 9a. The differential voltage V DIFF 
impressed on terminals 503-1 and 503-2 is AC-coupled via capacitors to the same difference 
amplifier 902 already described in figure 8. The single-ended output of this circuit 1003 is 
the input to the same peak-to-peak detector circuit already described in figure 9a. The 
output of this sub-circuit is "differentiated" via a differential amplifier, where one input of 
the amplifier is grounded. The differential output, V PD appears across terminals 107-5 and 
107-6. 

[0035] It is to be understood that the above-described embodiments are merely 
illustrative of the present invention and that many variations of the above-described 
embodiments can be devised by those skilled in the art without departing from the scope of 
the invention. It is therefore intended that such variations be included within the scope of 
the following claims and their equivalents. 
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[0036] What is claimed is: 
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